Emx1 and Emx2 are mouse cognates of the Drosophila head gap gene, ems. Previously we have reported that the dentate gyrus is affected in Emx2 single mutants, and defects are subtle in Emx1 single mutants. In most of the cortical region Emx1 and Emx2 functions would be redundant. To test this assumption here we examined the Emx1 and Emx2 double mutant phenotype. In the double mutants the archipallium was transformed into the roof without establishing the signaling center at the cortical hem and without developing the choroid plexus. We propose that Emx1 and Emx2 cooperate in generation of the boundary between the roof and archipallium; these genes develop the archipallium against the roof. This process probably occurs immediately after the neural tube closure concomitant with the Emx1 expression. q
Introduction
The anterior neural plate begins to close around E8.5 in the presumptive forebrain -midbrain junction. The rostral extremity, thus the entire neural tube, is closed by E9.0 except for the roof of the myelencephalon. Subsequently, growth and evagination of the cerebral hemispheres begins, and by E10.5 invagination of the dorsomedial telencephalon is clear future of the forebrain. In the medial walls a series of archipallial structures are generated; non-neuronal, secretory epithelium of the choroid plexus, which is adjacent to the roof, the fimbria, the hippocampal complex composed of the dentate gyrus and CA fields, and the subiculum, which lies close to the medial limbic neopallium (the cingulate and retrosplenial cortex). Morphologically the hippocampal anlage is identifiable at E14.5, and molecular and histological differences within the hippocampal field are apparent by E14.5 -E15.5. Studies involving explant cultures and molecular mutants, however, have suggested that events related to patterning of the medial pallium into each field occur after E10.5 (Furuta et al., 1997; Tole et al., 1997; Galceran et al., 2000; Tole and Grove, 2001) .
The fimbria corresponds to the hem of the cerebral cortex; on the basis of the expression of several signaling molecules, it has been proposed to function as a local signaling center in cortex development, particularly with respect to archipallium components (Grove et al., 1998; Tole and Grove, 2001) . Fimbria is the transitional zone from the cortex to the choroid plexus. At E10.5 the choroid plexus is a small zone of thin epithelium at the midline, and differentiated TTR-positive cells become apparent by E11.5. The cortical hem shares with the developing choroid plexus and choroidal roof the expression of several members of the Msx and Bmp genes. The expression of Bmp and Msx genes is present in the dorsal midline at E9.5 when the neural tube is closed but the telencephalon is a single vesicle. The Wnt3a expression in the cortical hem takes place at E10.0. At E12.5 the nested and graded expression of a series of Wnt genes is established in the medial walls centering on the cortical hem. Wnt receptors and inhibitors also constitute the graded expression in the medial pallium (Kim et al., 2000) . Furthermore the expression of several Tcf/Lef and Lhx genes becomes evident in the medial pallium at E10.5 (Porter et al., 1997; Galceran et al., 2000; Zhao et al., 1999; Bulchand et al., 2001; Monuki et al., 2001) . Nested, graded expression of signaling molecules, their receptors/inhibitors and transcriptional factors in the medial walls may constitute a morphogenetic gradient for the patterning of the archipallium into weach field. However, it is not yet known when and how the territory for the archipallium is established.
Emx2 and Emx1 are mouse cognates of a Drosophila head gap gene, empty spiracle (ems) (Simeone et al., 1992) . The Emx2 expression is evident around the 3 somite stage (E8.5) in the laterocaudal forebrain primordium; later it covers the entire cortex as well as a portion of the subcortex (Shimamura et al., 1995) . The Emx1 expression occurs at E9.5 immediately after the neural tube closure; its expression covers most of the cortex. The Emx expression in the cortex is high mediocaudally. In Emx1 single mutants, defects were subtle, and in Emx2 single mutants, morphologically the dentate gyrus was absent (Yoshida et al., 1997; Tole et al., 2000a) . The single mutants suggested that Emx1 and Emx2 functions would be redundant in most of the cortical region. Indeed, in Emx1 and Emx2 (Emx1/2) double mutants the defects in the telencephalon were extremely severe (Shinozaki et al., 2002; Bishop et al., 2003) . The double mutant defects are ascribed to the cooperation between Emx1 and Emx2 in two phases of cortical development. One is occurrence of the medial pallium defect at a point earlier than E12.5 prior to the neural differentiation. The second corresponds to the defect in corticogenesis, which arises later than E12.5. The latter defect was analyzed in a previous study, which concluded that Emx1 and Emx2 cooperate to generate Cajal-Retzius cells and subplate neurons (Shinozaki et al., 2002) . The loss of these cells in the double mutants causes not only defects in the radial migration of projection neurons but also in the tangential movement of interneurons from the ganglionic eminences. The current work analyzed the earlier defect in the medial pallium as a consequence of the Emx1/2 double mutation. These analyses have suggested that Emx1 and Emx2 cooperate in the initial development of the archipallium territory against the roof when the neural tube has closed.
Results

Histological features of Emx1/2 double mutant telencephalon
In the E18.5 Emx1/2 double mutants, the telencephalon was affected severely (Fig. 1) . Cerebral hemispheres were vestigial, and the roof of the third ventricle was exposed (Fig. 1A -C) . Protrusion of the olfactory bulb was not evident. Histologically the cerebral cortex was reduced in both size and thickness, and the medial pallium was almost entirely deleted ( Fig. 1D -O) . In contrast, diencephalon development appeared nearly normal, except that evagination of the epiphysis was not present. The dorsomedial-most aspect of the cortical region gives rise to archipallium structures; hippocampal formation consists of the subiculum, CA fields, the dentate gyrus and the fimbria/ fornix (Puelles et al., 2000) . These structures are readily identifiable in E18.5 Emx1 single mutant brain as well as in wild type brain (Yoshida et al., 1997) . In Emx2 single mutants histologically the dentate gyrus is absent, whereas CA fields are present, albeit reduced in size ( Fig. 1K,N ; Yoshida et al., 1997) . In contrast, in Emx1/2 double mutants, no hippocampal complex was identifiable (Fig. 1L,O) ; medially the cortex ended with appearance of the neopallium, although it was greatly deformed. The choroid plexus did not develop in the lateral ventricles; however, this structure did develop in the third and fourth ventricles. The lateral ventricles were very small, which was consistent with the absence of the choroid plexus that secrets cerebrospinal fluid into the ventricles.
By E12.5 the telencephalic hemispheres are established, and initial morphological divisions into the roof, the medial pallium, the neopallium and the lateral and medial ganglionic eminences are clearly evident. At this stage morphologically apparent defects in Emx1/2 double mutants were restricted to the mediocaudal region ( Fig. 1P -U) . Cerebral hemispheres were greatly reduced, the invagination of the medial wall was minimal, deletion of the cortical neuroepithelium covered a wider area mediocaudally, and the telencephalic roof was expanded more in the double mutants than in Emx2 single mutants. The presence of the intermediary region (IMR) between the roof and the pallium in the Emx2 single mutants (arrows in Fig. 1Q ), and its absence in Emx1/2 double mutants ( Fig. 1R) are particularly noteworthy. The Ammon's horn was present, though reduced in size and truncated, in Emx2 single mutants (Fig. 1T) ; however, the protrusion of this structure could not be identified in Emx1/2 double mutants (Fig. 1U) . In contrast, the development of the rostrolateral portion of the cortex (neopallium) and the basal ganglia was normal at this stage. The defects affecting the neopallium and the striatum in the E18.5 Emx1/2 double mutants are largely due to the defects in cortical neurogenesis including tangential cell migration of interneurons from the subcortex later than E12.5 (Shinozaki et al., 2002; Bishop et al., 2003) . The present study is concerned with the early defects in medial pallium development; the following analyses were conducted with a series of molecular markers, of which expression domains are schematically summarized in Fig. 7. 2.2. Cortical/subcortical division is normal in Emx1/2 double mutant telencephalon Histologically, the division of the telencephalon into cortical and subcortical regions appeared normal at E12.5 (Fig. 1R) ; first this observation was confirmed with molecular markers. In wild type embryos Lhx2 and Gli3 are expressed in the neuroepithelium throughout the entire telencephalon, with the exception of the choroid plexus and the roof; in the cortical hem Gli3 is expressed, whereas Lhx2 is not ( Fig. 2A,D ; Hui et al., 1994; Grove et al., 1998; Bulchand et al., 2001) . Normal expression of Lhx2 and Gli3 was evident in both Emx2 single and Emx1/2 double mutant telencephalon, with the exception of the expanded roof-like structure (Fig. 2B ,C,E,F). Normally BF1 is also expressed throughout the entire telencephalon, which includes precursors as well as differentiated neurons; BF1 expression occurs in a decreasing gradient in the medial pallium and is In diencephalon the protrusion of the epiphysis was not formed in either Emx2 single or Emx1/2 double mutants. Ventral and dorsal thalamus, pretectum and mesencephalic structures were largely normal, although the double mutant dorsal thalamus was somewhat smaller in size. (P-R) display E12.5 frontal views and (S-U) exhibit E11.5 sagittal views. Note the presence of the intermediary region (IMR) between the roof and the cortex in the Emx2 single mutants (arrows in Q) and their absence in Emx1/2 double mutants (R). (D -O) and (P-U) depict staining with Cresyl Violet and Hematoxylin and Eosin, respectively. An arrow in (F) indicates the cortex and an arrowhead indicates the choroid plexus in the third ventricle. In (M-O) anterior is at left. Abbreviations: Ah, Ammon's horn; dt, dorsal thalamus; ep, epiphysis; hip, hippocampus; ic, internal capsules; LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; MP, medial pallium; NP, neopallium; r, roof. Scale bars are 500 mm in A, D and G, 100 mm in J, 240 mm in M, 200 mm in P and 280 mm in S. Fig. 2 . Cortex/subcortex division is normal in Emx1/2 double mutants. Marker analyses by RNA in situ hybridization. (P-R) display whole mount in situ hybridization at E11.5; remaining photographs exhibit frontal views of E12.5 sections. Arrows in (A, B, G, H) indicate Lhx2-or BF1-negative cortical hem, respectively. Ngn2-negative dorsal midline is expanded not only in the telencephalon but also in the diencephalon of both Emx2 single and Emx1/2double mutants (asterisks in Q, R). Scale bars are 240 mm in (A-O, S-X) and 300 mm in (P, R). not observed in the cortical hem, the choroid plexus or the roof ( Fig. 2G ; Tao and Lai, 1992; Furuta et al., 1997; Galceran et al., 2000) . The BF1-positive region was reduced dorsomedially in Emx2 single mutants and to a much greater extent in Emx1/2 double mutants (Fig. 2H,I ).
In wild type telencephalon Pax6 and Neurogenin2 (Ngn2) are expressed in the cortical neuroepithelium; their expression is absent in the choroid plexus, the roof and the subcortex (Fig. 2J ,M,P; Sommer et al., 1996; Walther and Gruss, 1991) . Pax6 and Ngn2 expression was normally segregated into the dorsal pallium; it was not detected in the expanded roof-like structure of either mutant (Fig. 2K ,L,N,O,Q,R). In normal telencephalon Dlx1 is expressed in both lateral and medial ganglionic eminences, and Nkx2.1 in medial ganglionic eminence; neither is expressed in the cortex (Fig. 2S ,V, Kimura et al., 1996; Bulfone et al., 1993; Shimamura et al., 1995) . These genes were also expressed normally in the subcortex of both Emx2 single and Emx1/2 double mutants ( Fig. 2T ,U,W,X). Thus, the cortex/subcortex division was established normally, and the initial double mutant defects were confined to the dorsomedial region in both Emx2 single and Emx1/2 double mutants as suggested by histological analysis.
Roof is expanded and choroid plexus does not develop in Emx1/2 double mutant telencephalon
Subsequently, a question arose as to whether the entire expanded dorsomedial structure is indeed the roof. Morphologically at E12.5 the cellular composition of the expanded structure was quite similar to that of the normal roof ( Fig. 3A -C ). An abundance of pycnotic cells is a characteristic feature of the roof. By the TUNEL assay, prominent cell death was also confirmed throughout the expanded dorsomedial structures of both Emx2 single and Emx1/2 double mutants ( Fig. 3D -F ). The roof, but not the choroid plexus nor cortical hem, uniquely expresses Lhx5 at E12.5 (Fig. 3G , Zhao et al., 1999) . Lhx5 is expressed throughout the expanded roof-like structure of both Emx2 single and Emx1/2 double mutants (Fig. 3H,I ); Lhx5 is not expressed in the IMR of the Emx2 single mutants. Another characteristic of the roof relative to the cortex is decreased cell proliferation; as a result, BrdU uptake rate was determined in the Lhx5-positive region. In three independent sections the number of BrdU-positive cells per total cells was 29/128, 33/137 and 30/141 (23% on average), 75/ 371, 68/348 and 72/352 (20%) and 102/796, 98/807 and 106/860 (12%) in wild type, Emx2 single mutant and Emx1/ 2 double mutant embryos, respectively. Thus cell proliferation was low in the Lhx5-positive expanded medial structures of Emx2 single and Emx1/2 double mutants. Consequently, these data led us to conclude that the dorsomedial structure is indeed the roof.
Normally the choroid plexus develops at both ends of the roof. The next question was whether choroid plexus development occurred in the expanded roof. The choroid plexus, which does not express Lhx5, expresses transthyretin (TTR) immediately upon differentiation; typically, TTR expression is apparent at E12.5 (Fig. 3J ). The TTR expression was markedly reduced but detected in the Lhx5-negative IMR of the Emx2 single mutant telencephalon (arrows in Fig. 3H,K) . No TTR-positive structure was observed at E12.5 in the Emx1/2 double mutants ( Fig.  3L ), nor was this structure present even at E14.5 or E18.5 in the lateral ventricles ( Fig. 3J 0 -L 0 ; data not shown). The choroid plexus developed normally in the third and fourth ventricles (arrowheads in Fig. 3J 0 -L 0 ; data not shown). In E12.5 wild type embryos, Otx2 and Msx1 are expressed in the choroid plexus epithelium and in a ventral (medialmost) portion of the hem ( Fig. 3M ,P; Hill et al., 1989; Boncinelli et al., 1993) ; Msx1, but not Otx2, is also found at a lower level in the roof. The TTR-positive and Lhx5-negative IMR in Emx2 single mutants expressed Otx2 and Msx1 (arrows in Fig. 3N ,Q). In contrast, the Lhx5-negative but Otx2-positive or Msx1-intense domain that corresponds to the choroid plexus and the ventral hem was not apparent at all in the Emx1/2 double mutants (Fig. 3I ,O,R). Not only Msx1 but also Otx2 expression was detected throughout the expanded roof of both the single and double mutants. Normally Bmp4, Bmp6 and Bmp7 are also expressed in the dorsomedial telencephalon including the choroid plexus (Furuta et al., 1997; Grove et al., 1998; Tole et al., 2000a) . In Emx1/2 double mutants, the expression of these genes was found only in the expanded roof (see below; Fig. 5H,I ).
In summary, the IMR in Emx2 single mutants was the choroid plexus; moreover, the choroid plexus did not develop in the Emx1/2 double mutant telencephalon. The entire expanded medial structure in Emx1/2 double mutants was indeed the roof. The roof is, however, somehow aberrant in both Emx2 single and Emx1/2 double mutants. Normally the midline roof does not express Otx2 at E12.5, but its expression was evident in the expanded roof of both Emx2 single and Emx1/2 double mutants (Fig. 3N,O) . The expanded roof also expressed Ephb1 ectopically (Fig. 5A -C) . Normally the roof expresses noggin; however, noggin expression was absent in the expanded roof (Fig. 3S -U) . Wnt8b expression, which is also normally observed in the E12.5 roof, was reduced in the expanded roof of the double mutant ( Fig. 5M -O) . At E12.5 Fgf8 is expressed broadly in the commissure plate and the roof at the zona limitans level (Crossley and Martin, 1995; Crossley et al., 2001) ; additionally, Fgf8 is expressed in the telencephalic roof but not in the choroid plexus ( Fig. 3V; insert) . The Fgf8 expression in the commissure plate was enhanced in the Emx2 single mutants, while no further enhancement was apparent by the Emx1/2 double mutation ( Fig. 3V -X) . Moreover, in the expanded double mutant telencephalic roof, it was the Fgf8-negative region that emerged broadly in the midline (Fig. 3X) . To be noted is that the expression of these genes may change with developmental stages. Otx2 is expressed and Wnt8b is not in the E10.5 roof (data not shown).
Archipallim is lost in Emx1/2 double mutants
Histological analysis revealed the failure in archipallium development, in compensation for the expansion of the roof, in Emx1/2 double mutants. To confirm this observation, marker analyses were performed first at E18.5 for each structure of the medial pallium. Prox1 homeobox gene is expressed in the dentate gyrus ( Fig. 4A ; Oliver, 1993; Galceran et al., 2000) ; Steel is expressed in the dentate gyrus and in the CA1 field as well as in the neopallium ( Fig. 4D ; Tole et al., 2000a) ; SCIP expression is found in the CA1 field and in the neopallium ( Fig. 4G ; Frantz et al., 1994) ; Big1 expression occurs in the subiculum and in the neopallium ( Fig. 4J ; Yoshihara et al., 1994; Lee et al., 2000) ; NT3 is expressed in the cingulate neopallium ( Fig. 4M ; Friedman et al., 1991; Lee et al., 2000) and NP2 expression is present throughout the entire hippocampus and in the neopallium ( Fig. 4P ; Cheng et al., 1997; Galceran et al., 2000) . The Prox1-, Steel-, Big1-, NT3-and NP2-positive structures in the medial pallium were reduced, respectively (Fig. 4B ,E, K,N,Q), and SCIP-positive cells were dispersed ( Fig. 4H ; Shinozaki et al., 2002) in Emx2 single mutants. However, the Emx2 single mutants possessed each of these medial pallium structures including the Prox1-positive dentate gyrus that was not apparent histologically ( Fig. 1B ; Yoshida et al., 1997; Tole et al., 2000a) . In contrast, the Emx1/2 double mutant dorsomedial telencephalon expressed none of these genes (Fig. 4) . Laterally the double mutant neopallium retained the Steel and NP2 expression; however, expression of SCIP and Big1 was lost. These expressions as well as the Prox1 and NT3 expressions were present in the diencephalon and/or mesencephalon of the double mutants. In the neopallium the lack of the SCIP expression is attributable to the lack of the layer-dependent cell differentiation, but not to the loss of the neopallium in the double mutants (Shinozaki et al., 2002) . Thus, the absence of the marker expression does not necessarily imply the loss of each structure; nevertheless, the marker analyses at E18.5 were consistent with the loss of the entire archipallium in the Emx1/2 double mutants.
Early markers of the hippocampus are Ephb1 and Prox1 ( Fig. 5A ; Galceran et al., 2000; Tole et al., 2000b) . At E12.5 neither the Prox1 nor the Ephb1 expression was detected in Emx1/2 double mutants ( Fig. 5B,C ; data not shown); the Ephb1 expression was present faintly in Emx2 single mutants. Rather, curiously, the Ephb1 expression was observed in the expanded roof. In E12.5 wild type telencephalon the Lef1 expression covers the prospective hippocampal field and the medial aspect of the neopallium, with the exception of the hem ( Fig. 5D; Galceran et al., 2000) . The Lef1-positive region and the Lef1-negative hem were evident in Emx2 single mutants (Fig. 5E) . However, the Lef1-positive region was greatly reduced and the Lef1-negative hem was not apparent in Emx1/2 double mutants (Fig. 5F) .
Normally a series of Bmps is expressed in the dorsomedial telencephalon including the choroid plexus and the roof at E12.5. Among them Bmp6 is most widely expressed, extending into the hem (Fig. 5G) . A residual, but Bmp6-positive hem was present in Emx2 single mutants (arrowheads in Fig. 5H ). In contrast, Emx1/2 double mutants exhibited Bmp6 expression exclusively in the expanded roof; Bmp6 expression coincided with Lhx5 expression, and a Bmp6-positive but Lhx5-negative hem was not observed (Figs. 5I and 3I ). Otx2 and Msx1 are expressed in the ventral portion of the cortical hem; no Lhx5-negative, Msx1-or Otx2-positive structure was apparent in the double mutants as noted above (Fig. 3I,O,R) . In E12.5 wild type telencephalon a series of Wnt genes is also expressed in domains that variably include the cortical hem and the medial pallium (Theil et al., 1999) . The Wnt3a, Wnt5a and Wnt2b expression is restricted to the cortical hem or the fimbria, whereas Wnt8b expression is intense in the hem and occurs throughout the medial pallium in a decreasing gradient (Fig. 5J ,M,P; Grove et al., 1998; Lee et al., 2000) . The Wnt3a-positive domain was present albeit reduced in Emx2 single mutants (Fig. 5K) ; however, it was lost entirely in Emx1/2 double mutants (Fig. 5L) . The Wnt5a-and Wnt2b-positive hem was also present in Emx2 single mutants, but absent in Emx1/2 double mutants ( Fig. 5M -O) . The Wnt8b-positive domain was reduced in the single mutants and was vestigial in the double mutants (Fig. 5Q,R) ; in particular, the intense domain was lost in the double mutants (Fig. 5R) , and the Wnt8b expression in the roof was reduced in their expanded roof of the double mutants. Thus we conclude that the hem signaling center was not established and archipallium was lost, in compensation for the expansion of the roof in the Emx1/2 double mutants (Section 3). ventricles and in the third ventricle, respectively. In (N, Q) the arrows indicate the Otx2-and Msx1-positive IMR, respectively. Note that the Otx2 and Msx1 expression, which is normally also found in the ventral portion of the hem, is slightly extended laterally beyond the IMR into the edge of the pallium in Emx2 single mutants; the extension may represent the residual ventral hem. In the dorsal view of the wild type embryo (V) the telencephalic roof is out of sight under cerebral hemispheres; the roof also expresses Fgf8 as shown in the insert. In the Emx1/2 double mutant roof (X) the Fgf8-negative region emerges broadly in the midline; it also does in the diencephalic roof (asterisk in X) in a manner similar to that of the Ngn2-negative dorsal midline (Fig. 2R) . Unless otherwise indicated, analyses were conducted at E12.5. Scale bars are 15 mm in (A-C), 300 mm in (D -U) and 120 mm in (V-X).
Onset of the defect
The Emx2 expression takes place at the 3 somite stage, and the Emx1 expression occurs around E9. 5 when the neural tube closure has been completed but telencephalon is a single vesicle. At this stage no Wnt, Tcf/Lef or Lhx expression is present, but the Bmp4/6 and Msx1 expression is evident in the dorsal midline of the vesicle (Furuta et al., 1997;  Fig. 6A,D) . Gli3 is expressed throughout the entire telencephalon, with the exception of the Msx1-positive midline (Fig. 6G) . Wnt3a is the first Wnt gene expressed in the cortical hem around E10.0. The Wnt8b and Lef1 expression in the medial pallium is established by E10.5 (Lee et al., 2000; Fig. 6M ). Lhx2 expression in the cortex, which is weak in the Wnt8b-positive medial region, also begins around E10.5 (Fig. 6J) .
At E10.5 the Bmp6 and Msx1 expression was present in the expanded roof of both Emx2 single and Emx1/2 double mutants (Fig. 6B,C,E,F) . The Gli3 and Lhx2expression adjoined the roof in the double mutant telencephalon (Fig. 6H,I ,K,L). The Wnt3a expression in the medial pallium, which was barely detected in Emx2 single mutants, was absent in Emx1/2 double mutants (data not shown). The Wnt8b-or Lef1-positive region, which was remarkably reduced in Emx2 single mutants, was a remnant in Emx1/2 double mutants ( Fig. 6N,O ; data not shown). Thus, Emx1/2 double mutant defects at E12.5 were already apparent at Fig. 4 . Marker analyses at E18.5 for medial pallium structures. Prox1-positive dentate gyrus was present (arrows in A, B), although morphologically this structure was not apparent in Emx2 single mutants ( Fig. 1K,N E10.5; the onset of the defects most likely coincides with the onset of the Emx1 expression at E9.5 when the neural tube has closed.
Discussion
In the Emx1/2 double mutants the archipallium was transformed into the roof without establishing the hem signaling center and without developing the choroid plexus (Fig. 7) . We propose that Emx1 and Emx2 cooperate in generation of the cortical hem or the boundary between the roof and archipallium; these genes develop the archipallium against the roof. This process probably occurs immediately after the neural tube closure concomitant with the Emx1 expression. Previously we have reported the Emx1/2 double mutant defects in neocorticogenesis later than E12.5 by the loss of Cajal-Retzius cells and subplate neurons (Shinozaki et al., 2002) . Of note is the recent finding that the cortical hem or the fimbria is the major source of Cajal-Retzius cells ( Takiguchi communication). Thus the Emx1/2 double mutant defects in the neocorticogenesis could be secondary to the loss of the fimbria.
Expansion of telencephalic roof and loss of choroid plexus
The difference between Emx2 single and Emx1/2 double mutant defects is morphologically apparent at E12.5. The extent of this distinction involves the degree of invagination of the medial pallium and expansion of the roof; in particular, an intermediary structure (IMR) existed between the pallium and the expanded roof-like structure in Emx2 single mutants; however, the IMR was absent in Emx1/2 double mutants (an arrow in Fig. 1N) . A question first arose as to whether the entire expanded medial structure was indeed the roof. Morphologically its cellular composition was identical to that of the normal roof. Cell death was prominent and BrdU uptake was low. The expanded medial structure was Lhx5-, Msx1-and Bmps-positive and TTR-, Wnts-, Ngn2-, Pax6-, Lhx2-, Gli3-and BF1-negative. Thus, we concluded that this structure is indeed the roof. However, the roof was dysmorphic in some ways. The roof had lost the noggin expression and ectopically expressed Otx2 and Ephb1 (Fig. 4) . Moreover, it was the Fgf8-negative domain that emerged broadly in the midline of the roof. The cause and significance of these dysmorphies in the roof remain for future studies.
Of note is the apparent expansion of the Fgf8 expression in the commissure plate of Emx2 single mutants (Fukuchi-Shimogori and Grove, 2003) . FGF8 signaling has been implicated in patterning of the telencephalon (Shimamura and Rubenstein, 1997; Ye et al., 1998; Crossley et al., 2001) and in arealization of the neocortex (Fukuchi-Shimogori and Garel et al., 2003) . Reciprocal interactions between Fgf8 and Emx2 expression have been observed in gain-of-function and loss-of-function experiments (Crossley et al., 2001; Garel et al., 2003; Fukuchi-Shimogori and Grove, 2003) , as exemplified by the expansion of Fgf8 expression in the Emx2 single mutant ( Fig. 3 ; Fukuchi-Shimogori and Grove, 2003) . However, no further expansion of the anterior area was found by the Emx1/2 double mutation (Fukuchi-Shimogori and Grove, 2003) . Consistently, no further expansion of the Fgf8 expression was apparent by the Emx1/2 double mutation (Fig. 3V -X) . Thus the FGF8-mediated anteriorization of the pallium is unlikely to explain the loss of the archipallium in the double mutants.
The IMR in Emx2 single mutants (Fig. 1N ) was the choroid plexus; it was TTR-, Otx2-, Msx1-, Bmp6-positive and Lhx2-, Gli3-. BF1-, Pax6-, Ngn2-, Lef1-, Ephb1-, Wnt8b-,Wnt3a-, Lhx5-negative. Thus, the choroid plexus was meager but developed in the single mutants. In contrast, this structure failed to develop in the Emx1/2 double mutants. Neither Emx2 nor Emx1 is expressed in the choroid plexus; consequently, the loss is not the cell autonomous effect of the genes. The loss of the hem signaling center in Lhx5and Gli3 mutants also accompanies with the loss of the choroid plexus; these genes are also not expressed in the plexus (Grove et al., 1998; Zhao et al., 1999) . The hem signaling center is affected, and the choroid plexus is reduced in Wnt3a (Lee et al., 2000) as well as in Emx2 single mutants (Fig. 3K,K 0 ). In contrast, Lhx2 mutants, which exhibited a hyperplastic cortical hem, displayed a hyperplastic choroid plexus; Lhx2 is also not expressed in the plexus (Bulchand et al., 2001; Monuki et al., 2001) . Choroid plexus develops at the place where BMPs expression is highest. The Bmps expression was lost or greatly reduced in Lhx5 and Gli3 mutants (Theil et al., 1999 (Theil et al., , 2002 Zhao et al., 1999; Tole et al., 2000b) ; especially the domain of intense Bmps expression was not generated as it was true in Emx1/2 double mutants. A domain of the intense Bmps expression was present, but reduced in Emx2 single and Wnt3a mutants. A conditional Bmpr1a mutation and a transgenesis of constitutive active
Bmpr1a under a nestin promoter demonstrated that BMP signaling is essential exclusively for development of the choroid plexus but not for that of the medial pallium (Hébert et al., 2002; Panchision et al., 2001) . It is probable that a signal(s) from the hem induces and/or maintains the intense Bmps and/or Msx1/Otx2 expression in the adjacent presumptive choroid plexus.
Archipallium development
Several mutations that affect the medial pallium development are known. Among these the expansion of the roof is a unique feature of Emx mutants. Hippocampal fields are lost in E18.5Wnt3a mutants. However, initially at E10.5 the Wnt8b-positive medial pallium is normally present (Lee et al., 2000) . CA fields and the dentate gyrus are also absent in E18.5 Lef1 mutants (Galceran et al., 2000) . However, the Lef-positive medial pallium is present or rather enlarged at E12.5. In the Lhx5 mutants the hippocampal complex is misshaped, but the field is initially specified (Zhao et al., 1999) . Most of the cortex including the archipallium transforms into the cortical hem and the choroid plexus in Lhx2 mutants (Bulchand et al., 2001; Monuki et al., 2001) . Fig. 7 . Schematic representation of expression domains of markers used in the analyses of E12.5 wild type and Emx1/2 double mutant embryos. Presumptive dorsomedial structures are schematically linearized; the left half represents wild type and the right half the double mutant dorsomedial telencephalon, respectively. NP, neopallium; cg, cingulum; S, subiculum; CA, CA fields; DG, dentate gyrus; fi, fimbria/cortical hem; ChP, choroid plexus. It remains for future studies whether the lateral limit of the medial pallium transformed into the roof by the double mutation coincides with the boundary between archipallium (subiculum) and neopallium (cingulum) and whether the Wnt8 expression extends into the future cingulum region. The expanded roof is somehow aberrant; noggin and Wnt8b expressions are lost, Fgf8-negative region emerged in the midline, and Otx2 and Ephb1 are ectopically expressed. However, the expressions of these genes in the roof change with developmental stages. Otx2 is expressed and Wnt8b is not in the E10.5 roof.
The Lhx2 expression occurs at E10.5; in all likelihood the presumptive cortical area develops in the Lhx2 mutants prior to E10.5. Lhx2 functions to restrict the hem or to specify the cortical progenitor cells once induced to the non-hem, nonchoroid plexus fate. Thus in Wnt3a, Lef1, Lhx5 and Lhx2 mutants, the medial pallium develops initially. The graded and nested expressions of Wnts and of Tcfs and Lhxs in the medial walls that are established by E10.5 may function to pattern the medial pallium into each field , but not to induce or determine the archipallium territory.
In the medial pallium the Emx expression precedes the expression of the Wnt, Tcf/Lef and Lhx families of genes; Emx1 expression begins around E9.5 soon after the neural tube closure. In the Emx1/2 double mutant the medial defects were apparent at E10.5, and we believe that the onset of the defects is around E9.5 when the Emx1 expression takes place; the boundary between the roof and cortex and the territory for the archipallium are determined when the neural tube has closed. The genes expressed in the dorsal midline at this stage are Msx and Bmp; the Emx2 expression is suppressed by BMP signaling (Ohkubo et al., 2002; Theil et al., 2002) . Thus it is possible that the cortical hem develops where Emx1 and Emx2 meet Msx and/or Bmp. Normally, Emx2 determines the demarcation between the cortex and the roof; however, in its absence, Emx1 manages to generate the hem or the boundary between the cortex and the roof. With the meager hem the medial pallium was greatly reduced in E12.5 Emx2 single mutants; however, each molecule was expressed in the medial wall, and later each medial structure was formed. In contrast, we conclude that in Emx1/2 double mutants the hem signaling center was not established as indicated by the loss of Wnt3a, Wnt2b and Wnt5a expression, and of the intense Wnt8b, Bmp6, Msx1 and Otx2 expression; concomitantly the Lef1, Lhx2, BF1 and Pax6 negative domain was absent in the pallium adjacent to the expanded roof (Fig. 7) .
The Ephb1-and Prox1-positive region failed to develop in the Emx1/2 double mutants. No information exists regarding the structures to which the dorsal-most (lateral-most) aspect of the normal Wn8b-and Lef1-positive region corresponds, i.e. the cingulate neopallium or the subiculum. The lack of marker expression does not necessarily imply the absence of each structure, particularly when the markers denote the differentiated cells. Thus the loss of the Big1 expression at E18.5 does not portend necessarily the absence of the subiculum in Emx1/2 double mutants; its expression in the neopallium was also lost. NT3 is not expressed in the neopallium, and its loss in the double mutants does not foreshadow the loss of the cingulate neopallium. However, the NP2 and Steel expression was entirely lost in the double mutant medial pallium; in contrast, their expression was retained in the double mutant neopallium. NP2 expression is thought to occur throughout the hippocampus, characterized by a boundary that approximates the transition of the subiculum and the cingulate neopallium (Galceran et al., 2000) . The Steel-negative region demarcates the subiculum (Lee et al., 2000) ; it is probably lost in the double mutants. Obviously further examinations are required to make a firm conclusion, but taken together with the morphological conjecture (Fig. 1) , we speculate that the entire archipallium including the subiculum is transformed into the roof in the double mutants (Fig. 7) .
A question remains for future studies regarding how the lateral boundary of the pallium transforming into the roof is determined or why neopallium does not transform into the roof in the Emx1/2 double mutants. The gradient of the Pax6 expression contrasts with that of the Emx expression, exhibiting high expression rostro-laterally. Antagonistic functions between Pax6 and Emx2 are suggested to control the area patterning in the cortex (Bishop et al., 2000 (Bishop et al., , 2002 Mallamaci et al., 2000; Muzio et al., 2002) . It might be Pax6 that laterally develops a neocortex in the Emx1/2 double mutants. However, the possibility could not be examined with Emx2 2/2 Pax6 2/2 double or Emx1 2/2 Emx2
Pax6 2/2 triple mutants because of cooperation between Emx2 and Pax6in forebrain regionalization earlier than E9.0 (our unpublished data).
Gli3 and Emx
The Gli3 mutants (Xt) also do not develop the hippocampal complex, the cortical hem or the choroid plexus (Grove et al., 1998) . The Emx1 expression does not occur (Theil et al., 1999; Tole et al., 2000b) and the Emx2 expression is greatly reduced (Tole et al., 2000b) . These data, in conjunction with the present study, suggest that the medial pallium defects in Xt mutants are ascribed to the loss of the Emx1 and Emx2 expression. However, several differences exist between Xt and Emx1/2 mutant phenotypes. In Xt mutants, invagination, albeit incomplete, is observed in the dorsomedial telencephalon (Grove et al., 1998) . A Wnt8b-positive medial pallium is evident to a greater extent than that in Emx1/2 double mutants, though the pallium is smaller than normal and dysmorphic; it does not give rise to Ephb1-or KA1-positive structures (Tole et al., 2000b) . These findings might be explained by the presence of the residual Emx2 expression.
The cortex is ventralized in Xt mutants (Tole et al., 2000b; Rallu et al., 2002; Kuschel et al., 2003) ; in contrast, the cortex/subcortex division was normal in Emx1/2 double mutants. Defects in neocorticogenesis following the preplate formation also appear distinct between these mutants (Theil et al., 1999; Shinozaki et al., 2002) . Obviously, Gli3 may regulate several genes other than Emx1 and Emx2.
The most remarkable distinction between Xt and Emx1/2 double mutants entails the absence of roof expansion in Xt mutants. Noggin is normally expressed in the Xt roof while the Fgf8 expression is found throughout the entire roof (Theil et al., 1999) . The Msx1 expression is lost in the Xt telencephalic roof, though its expression is present in the surface ectoderm (Theil et al., 1999) . The expression of a series of Bmps is also lost or greatly reduced in the Xt roof (Tole et al., 2000b) . The absence of Msxand Bmp expression might explain the lack of the roof expansion in Xt mutants.
An analysis of an Emx2enhancer has revealed that the Emx2 expression is regulated by WNT and BMP signaling synergistically, but not directly by GLI3 (Theil et al., 2002) . Thus it was postulated that GLI3 regulates the expression of WNTs and BMPs, the signaling of which in turn regulates the Emx2 expression. It is probable that the Emx1/2 expression is regulated by the nested and graded expression of a series of Wnts in the medial wall after E10.5. However, we believe that the dorsomedial defects in both Emx1/Emx2 double mutants and Xt mutants took place earlier when the Wnt expression was not yet established in the dorsomedial telencephalon. Moreover, the enhancer identified could be a late enhancer that does not reflect the early Emx2 expression from E8.5 to E10.5; the possibility remains that the enhancer for the early Emx2 expression exists separately and is regulated directly by GLI3.
Finally, of note is a Rfx4 mutant recently reported; the mutant fails to develop dorsal midline structures including the cortical hem and choroids plexus (Blackshear et al., 2003) . In this mutant, Emx and Msx expressions are present, and the roof is not expanded. It warrants examination in future studies whether and how Rfx4 is related with Gli3 and Emx in the development of the dorsomedial region of telencephalon.
Materials and methods
Mutant mice Emx1
2/2 single homozygotes and Emx2 þ/2 single heterozygotes were obtained as previously described (Yoshida et al., 1997; Shinozaki et al., 2002) . Genotypes of Emx1 and Emx2 knock-out alleles were identified as described previously (Yoshida et al., 1997; Shinozaki et al., 2002) . Genomic DNAs utilized in the analyses were prepared from tails or yolk sacs. Noon of the day on which the vaginal plug was detected was designated as E0.5. Mice were housed in an environmentally controlled room of the Laboratory Animal Research Facility of the Center for Developmental Biology under the institutional guidelines for animal and recombinant DNA experiments.
Histological analysis
Brains were fixed with Carnoy's fixative solution at room temperature for 18 -24 h. Specimens were dehydrated and embedded in paraffin (Paraplast; Oxford). Serial sections (thickness of 10 mm) were prepared and stained with 0.1% Cresyl Violet or with Hematoxylin and Eosin.
Semithin sections
Brains were fixed in 2% paraformaldehyde plus 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.3); subsequently, tissues were re-fixed for 2 h in 1% OsO4, and embedded in Poly Bed 812. Semithin sections were produced with a glass knife (thickness of 0.55 mm) and stained with 0.5% toluidine blue.
Cell proliferation assay
Timed-pregnant female mice were injected intraperitoneally 2 h prior to sacrifice with a single pulse (50 mg/kg body weight) of 5-bromo-2 0 -deoxyuridine (BrdU) (5 mg/ml dissolved in sterile PBS; Nacalai Tesque, Japan) at E12.5. Brains were fixed with Carnoy's fixative and embedded in paraplast. Subsequently, sections were prepared (10 mm thick). Samples were first incubated in 2 N HCl for 90 min, followed by three treatments for 10 min in 0.1 M borate buffer (pH 8.5) to neutralize residual acid. Specimens were then immunostained with monoclonal anti-BrdU (clone 33281A; Pharmingen), 1: 500, followed by DAB immunohistochemistry. Total cells and BrdU-positive cells in the Lhx5-positive roof were counted.
RNA probes and in situ hybridization
Embryos were dissected in phosphate-buffered saline (PBS) and fixed overnight at 4 8C in 4% paraformaldehyde (PFA)-PBS. Specimens were gradually dehydrated in ethanol/H 2 O up to 95% ethanol and stored at 220 8C. The protocol for in situ hybridization of embryos was as described (Wilkinson, 1993) . Single-stranded digoxigenin-UTP-labeled (Roche) RNA probes were employed. The probes were consistent with previous description of BF1(a Kpn1/Xho1 fragment of cDNA; Tao and Lai, 1992) , Big1 (Yoshihara et al., 1994) , Bmp4/6/7 (Furuta et al., 1997) , Dlx1 (Bulfone et al., 1993) , Emx1 and Emx2 (Yoshida et al., 1997) , Ephb1 (IMAGE clone AA058194), Fgf8 (Crossley and Martin, 1995) , Gli3 (Hui et al., 1994) , Lef1 (Galceran et al., 2000) , Lhx2 (Porter et al., 1997) , Lhx5 (a Eco RI/Bam HI fragment isolated by RT-PCR; Sheng et al., 1997) , Msx1 (a Eco R1/Xba1 fragment isolated by RT-PCR; Hill et al., 1989) , Msx2 (Catron et al., 1996) , Ngn2 (Sommer et al., 1996) , Nkx2.1 (Kimura et al., 1996) , noggin (Shimamura et al., 1995) , NP2 (Cheng et al., 1997) , NT3 (Friedman et al., 1991) , Otx2 (Matsuo et al., 1995) , Pax6 (Walther and Gruss, 1991) , Prox1 (Oliver, 1993) and SCIP (Frantz et al., 1994) , Steel (Yoshida et al., 1996) , Tcf3(IMAGE clone 444295), TTR (Wakasugi et al., 1985) , Wnt1 (McMahon and Bradley, 1990) , Wnt2b (IMAGE clone W44010), Wnt3a (Roelink and Nusse, 1991) , Wnt5a (Parr et al., 1993) and Wnt8b (IMAGE clone AA170920).
TUNEL assay
Serial paraffin sections (8 mm) derived from E12.5 embryos fixed in 10% formaldehyde at E12.5 were subjected to TUNEL assay according to the manufacturer's protocol (In Situ Cell Death Detection Kit, AP; Roche).
